We demonstrate label-free optical biosensing using a horizontal air-slotted silicon-rich silicon nitride (SiNx) microdisk resonator. Due to the strong confinement of light in the air-slot, a large resonance shift of 6.2 nm is observed upon reaction of the biotin-functionalized disk with a streptavidin solution with concentration of 2.5 µg/ml. Assuming a linear relationship between resonance shift and streptavidin concentration, we estimate the sensitivity to be 2.5 ± 0.2 nm/(µg/ml). Comparing this value with surface sensitivity of 5.7 nm/nm calculated using FDTD simulations, a detection limit of 30 ± 2 ng/ml, is extrapolated.
Introduction
With the development of microphotonic technology, great strides have been made in developing compact and highly sensitive optical biosensors on a chip [1] . Typically, label-free optical biosensors sense biomaterials by detecting the change in the effective refractive index of itself or its surroundings. In the widely used configuration, the light used for sensing is guided within the sensor by total internal reflection due to refractive index contrast. Unfortunately, this can result in small overlap between the optical mode and the sensing material, since much of the optical mode is confined within the sensor itself, and changes in the surrounding analyte are sensed via evanescent field. As a consequence, the devices tend to require either long interaction distance [2] or a high Q factor to obtain sufficient sensing efficiency [3] .
Recently, a slot-waveguide structure that consists of a thin, low-index "slot" fabricated in a high-index waveguide has attracted a great attention [4] . Similar to a holey optical fiber [5] , this opens up the interior region of the waveguide, where the electric field intensity is highest, available for sensing. Furthermore, the requirement that dielectric displacement be continuous results in strong concentration of electric field right on the inside surface of the slot, where a biomaterial to be sensed would be adsorbed. This has led research into to application of slotwaveguide structure for optical biosensor that can overcome the possible limitations of evanescent field sensing. By now, sensors based on resonators that employ the slot-structure to enhance the interaction between photons and materials in the slot region have been reported [6] [7] [8] [9] .
So far, most research into slot-structure based optical biosensors used a vertical slot structure which consists of a thin, vertical slot etched in the center of a high-index waveguide that forms a resonator. Etching such thin, high aspect ratio slot, however, is difficult, and usually requires expensive lithography techniques such as e-beam or deep-UV. Furthermore, etching such a vertical slot can result in roughness on the slot surface, right where the E-field intensity is the highest, and can lead to subsequent degradation in the Q-factor and the limit of detection.
We have previously reported that such problems can be overcome by using a horizontal air-slotted SiN x microdisk resonator fabricated by multilayer deposition and selective etching. In this case, as the slot is defined through deposition, ultra-thin slots with extremely smooth slot walls can easily be fabricated using conventional, micron-scale photolithography only [10] . In this paper, we report on using such SiN x disk resonators with a 40-nm thin, horizontal air-slot for bio-sensing applications. We find that the resonators are quite robust such that the 40-nm thin air slot is preserved throughout the fabrication and measurement processes that involve repeated washing/drying steps and wide variations in temperature and pH. We observe a resonance peak shift of 6.2 nm upon reaction of the biotin-functionalized disk with a streptavidin solution with concentration of 2.5 µg/ml, with a saturation value of more than 9 nm. Assuming a linear relationship between resonance shift and streptavidin concentration, we estimate the sensitivity to be 2.5 ± 0.2 nm/(µg/ml). Comparing this value with results of FDTD simulations, we calculate the surface sensitivity and the limit of detection to be 5.7 nm/nm and 30 ± 2 ng/ml, respectively.
Experimental
A 240nm-thin SiN x / 40nm-thin SiO 2 / 240nm-thin SiN x multilayer thin film was deposited on a silicon substrate using reactive ion beam sputter deposition method. After deposition, the film was annealed at 800°C for 30 min in Ar environment to densify the film. The refractive index of SiN x layer after annealing was obtained to be 2.308 by ellipsometry (data not shown) in the 1500nm region. We note that this is much higher than the value of ~2.0 reported for refractive index of Si 3 N 4 [11] due to the excess Si content of the deposited layers, and will result in stronger slot effect. Furthermore, using such SiN x thin films for resonator fabrication also give us the advantages of lower cost, higher stiffness, and transparency in the visible region for possible operation in aqueous environment over SOI [13] . 15µm diameter microdisks were then patterned with photolithography and dry etching. 30% KOH solution was then used to selectively undercut the multilayer film to fabricate pedestal-type microdisk resonators. Finally, a buffered hydrofluoric acid etch followed by a simple air drying was used to selectively etch the SiO 2 layer and define a ~2 µm deep horizontal air slot. In the previous report, we have shown that such a depth is sufficient to eliminate the effect of the central SiO 2 spacer on the fundamental mode [10] .
The surfaces of the fabricated slot disks were functionalized by following process. First, the sample was cleaned and oxidized by immersing in solutions of 5 HCl at 80°C for 10 min each in order to expose hydroxyl group (-OH) on the surface of SiN x . Afterwards, amine group (-NH 2 ) was formed by immersing the samples in 5% solution of 3-aminoprophltriethoxysilane (APTES) in dry ethanol for 2 hours at room temperature. After rinsing with ethanol and distilled water, the surface was still hydrophilic which indicates hydrophilic amino end-groups [14] . The sample was dried with N 2 gas and annealed on the hotplate of ~100 °C for 20 min to stabilize the amino group. After silanization, the sample was dipped in NHS-biotin (Pierce) in dimethyl sulfoxide (DMSO) during 15 hours at room temperature and cleaned with distilled water. Afterward, the samples were allowed to react with 500µl of fluorescein (FITC) conjugated streptavidin (Peirce) in PBS (pH 7.3) with concentration of 1.25, 2.5, 5, 10, 20 µg/ml for 1 hour and then rinsed with water.
The images of the slot-sensor during the various stages of its fabrication and usage are shown in Fig. 1 . We observe successful fabrication of the air-slot disk resonator. More importantly, Fig. 1 demonstrates that the 40-nm thin air-slot structure is preserved throughout the fabrication process despite repeated washing/drying steps and wide variations in temperature and pH, and repeated measurements over long period of time in the ambient air. 
Results and Discussion
Based on the fabricated structure shown in Fig. 1 , the sensing efficiency of the air-slot microdisk resonator was calculated using finite difference time domain (FDTD) method. The edge of the disk was set to be 10° sloped based on the SEM image. The grid size of vertical direction was 2 nm and a single fundamental TM-like mode was excited using a single Gaussian point source. Figure 2(a) shows the calculated mode profile, demonstrating the highly concentrated |E| 2 in the air slot region. The confinement factor is defined as [12] { } 
Here c is the speed of light in vacuum, n g is the group index and n A is the refractive index in the region A. The γ A term represents the spatial confinement factor. Based on the simulated mode profile, the shift in the position of the resonance peak of the resonator due to adsorption of a thin layer with a refractive index of 1.45 typical for a dried biofilm is calculated. For a configuration described schematically in Fig. 2 (b) , the resonance position shifts linearly with layer thickness, as is shown in Fig. 2 (c) 
is found to be 5.73 nm/nm for the mode number of m = 45. It should be noted here that the high S surface value is mostly due to the adsorption of biofilm on the inside surface of the slot. For example, give a 5 nm thick adsorbed film, the spatial confinement factor (γ Α ) with the film is calculated to be 6.3%. Of this, the spatial confinement factor with the film adsorbed on the inside surface is calculated to be 5.4%, which corresponds to 85% of the total sensitivity. In contrast, the surface sensitivity with the film adsorbed on the top of the upper disk and the bottom of the lower disk is calculated to be 0.80 nm/nm only, confirming the importance of the slot-structure for achieving the high sensitivity. The actual surface sensing capability of fabricated air slot resonators was measured using tapered fiber coupling. Figure 3 shows the schematic diagram of measurement setup. A tunable laser which spans from 1470nm to 1545 nm was used as the light source, and a tapered fiber with a diameter of ~1µm was used to evanescently couple light into and out of the resonator. The input polarization was controlled with a fiber polarization controller to TMlike mode in order to excite the slot-modes of the resonator. The fiber position was controlled not to touch the disk in order to reduce the scattering loss and unwanted peak shift due to contact between the resonator and the fiber. The measured transmission spectra from the same disk before and after biotin-streptavidin reaction in a streptavidin solution with a concentration of 20 µg/ml are shown in Fig. 4(a) . We observe two sets of strong resonance dips, one with FSR of 22.9 and the other with 23.6, as indicated. Based on the calculated FSR of 23.3nm and 24.7 nm for the fundamental and 1st high order radial modes, respectively, we identify the peaks as the fundamental and first-order radial mode resonance dips, respectively. We find that we observe the same sets of two dips, with FSR of 22.9 and 23.7 nm, even after the streptavidin binding. We find, however, that the resonance dips corresponding to the fundamental radial modes have shifted by more than 9 nm upon streptavidin binding, while those corresponding to the first order radial modes have shifted by about 4 nm only. This is consistent with their identification, as the first order higher radial mode is expected to have lower sensitivity due to its optical mode being deeper into the slot, where adsorption efficiency of bio materials is expected to be lower due to capillary filling effect [18] . Based on the calculated sensitivity of 5.73 nm/nm as shown in Fig. 2 , we estimate the average streptavidin layer thickness to be 1.7 ± 0.1 nm.
For comparison, an oxidized Si wafer was processed using the same surfacefunctionalized protocol using the same 20 µg/ml streptavidin solution. The average thickness of the resulting streptavidin film was estimated using ellipsometry and assuming a refractive index of 1.45 to be ~2.2 nm. Considering the fully oxidized surface of the oxide wafer [16] and planar structure [17] , this value agrees reasonably well with the above value of 1.7 ± 0.1 nm, and further validates the identification of the resonance dips.
Based on this identification, the concentration-dependence of resonance dip shift of the fundamental radial mode is investigated, as is shown in Fig. 4(b) . The data points show the average peak shifts of three different disks (N = 3). The error bars indicate the standard deviation of observed values, possibly due to fabrication errors. Assuming a linear relationship between resonance peak shift and the streptavidin concentration at low streptavidin concentrations, the sensitivity of the slot disk resonator is estimated to be 2.5 ± 0.2 nm/(µg/ml). We also find that the resonance shifts saturates at 9.7 nm above a streptavidin concentration of 5 µg/ml, in agreement with previous reports [3] , which we attribute to saturation of streptavidin binding sites on the disk surfaces [3] .
Interestingly, as can be seen in Fig. 4 (c) that shows fine scan measurements of resonance dips, the Q-factor of the resonator does not change upon streptavidin binding, remaining near ~7,000. This demonstrates the robustness of the air-slot structure to resist process-related structural damages. Still, the Q-factor of 7,000 corresponds to optical loss of ~20 dB/cm, which is rather high, and should be improved for better sensor performance. We note, however, that absorption loss of SiN waveguides has been reported to be as low as 0.1 ± 0.05 dB/cm even at 780 nm [15] . Furthermore, the radiation-loss limited Q-factor of slot-disk resonator can be as high as 10 7 , while the slot-surfaces are ultra-smooth with RMS roughness of 0.51 nm only [10] . On the other hand, we have reported recently that in similarly prepared SiN disk resonators, Q-factors are dominated by scattering by process-related sidewall roughness [16] . Therefore, we believe that with better process control, much higher Q-factors are possible.
By repeated measurements of the same resonance dip, we have measured the system resolution, defined to be 3 times the standard deviation of peak position measurements [13] , to be 78 pm. It should be noted here that the system resolution of 78 pm includes the effects of thermal fluctuation as well, since no temperature control was attempted during repeated measurements which lasted up to several minutes. However, the thermo-optic coefficient of SiN is of the order of 10
, which is more than 20 times lower than that of Si [19] . Furthermore, the slot structure by design concentrates a large fraction of the light in air. Thus, while the proposed structure requires temperature compensation for optimum performance as do most optical resonator sensors, the problem is expected to be less severe than comparable Si-based optical resonator sensors. Using this system resolution and the system sensitivity of 2.5 ± 0.2 nm/(µg/ml) from Fig. 4 (b) , we extrapolated a value of 30 ± 2 ng/ml as the limit of detection for streptavidin. This value, with better fabrication process to obtain higher Q factors, can be lowered even further. 
Conclusion
A SiN x horizontal air slot resonators with 15 µm diameter and 40nm wide air-slot was fabricated, and its bio-sensing ability was demonstrated. Using tapered fiber coupling, 6.2nm resonance wavelength shift upon reaction of biotin-streptavidin interaction was measured with concentration of 2.5 µg/ml. The surface sensitivity of streptavidin was obtained as 2.5 ± 0.2 nm/(µg/ml) assuming linear relationship. Comparing this value with surface sensitivity of 5.7 nm/nm calculated using FDTD simulations, a detection limit of 30 ± 2 ng/ml, was extrapolated.
